ABSTRACT: Despite the current interest in using closed areas for fisheries management, few studies have actually examined the benefits for invertebrate fisheries such as scallops. This study details the dynamics of a population of great scallops Pecten maximus (L.), within a closed area and an adjacent fished area off the Isle of Man, over a 14 yr period (1989 to 2003). Scallop densities were very low in both areas when the closed area was set up, but increased at an accelerated rate over time within the closed area. Scallop densities also increased on the adjacent fishing ground, but not to the same extent. Consequently, the density of scallops above the minimum legal landing size (110 mm SL) was more than 7 times higher in the closed area than in the fished area by 2003. There was also a shift towards much older and larger scallops in the closed area and, correspondingly, lower estimates of total mortality. Experimental dredging of 2 plots within the closed area confirmed that fishing drove these differences in population dynamics and structure. These patterns of scallop density, age and size structure resulted in the exploitable biomass (adductor muscle and gonad) of scallops being nearly 11 times higher in the closed area than in the fished area by 2003, and the reproductive biomass was 12.5 times higher. This is significant for fisheries management because the build up of high densities of large P. maximus individuals enhanced local reproductive potential and therefore the likelihood of export of larvae to the surrounding fishing grounds. Along with these direct benefits of closed area protection, juvenile scallops had higher survival and individual growth rates in the closed area, apparently in response to reduced fishing disturbance. Although juvenile scallops are not subject to direct removal by fishing, protection during this critical phase therefore appeared to assist the recovery of the closed area population. In summary, this study joins a growing number indicating that the use of closed areas offers a range of benefits over more traditional methods of managing fisheries. Fisheries for relatively sedentary and long-lived species such as P. maximus appear to be particularly suitable for this type of management.
INTRODUCTION
Research into the use of closed areas for fisheries management has increased at an almost exponential rate over the last decade as traditional management methods continue to fail (Mosquera et al. 2000 , Pauly et al. 2002 . This interest is due to a range of perceived benefits offered by closed area management for both target species and the environment. Perhaps not surprisingly, numerous studies have now shown that closed area protection can increase the abundance and mean size of target species (Mosquera et al. 2000 , Halpern & Warner 2002 , Halpern 2003 . This is thought to enhance local reproductive output and therefore lead to export of larvae to surrounding areas that are open to fishing (Roberts et al. 2001 , Gaines et al. 2003 , Gell & Roberts 2003 , Grantham et al. 2003 . For mobile species, there can also be spillover of juveniles/adults to adjacent areas through emigration or densitydependent dispersal (Lizaso et al. 2000 , McClanahan & Mangi 2000 , Gell & Roberts 2003 . Even in fisheries with minimum size limits, protection of juveniles from fishing disturbance may improve both survival and growth during this critical life-history phase (Myers et al. 2000) .
Closed area protection of marine habitats and nontarget species has also been shown to help maintain or increase biodiversity, particularly in areas subject to bottom-disturbing fishing practices such as trawling or dredging (Allison et al. 1998 , Dayton et al. 2000 , Bradshaw et al. 2001 , Thrush & Dayton 2002 , Halpern 2003 . Maintaining more complete ecosystems in closed areas may also provide benefits that flow back to the species targeted by fisheries (Jennings & Kaiser 1998) . For example, hydroids and bryozoans are key settlement habitats for scallop larvae but are among the first species removed by fishing disturbance (Bradshaw et al. 2001 (Bradshaw et al. , 2003 . Lowering fishing disturbance may also reduce turbidity and improve water quality, which for filter-feeding invertebrates such as many shellfish species may have implications for survival and growth (Brand 1991) . Finally, maintaining large enough pockets of the marine environment in a relatively undisturbed condition not only provides a safeguard for the future, but also a reference point for examining the effect of fishing on exploited populations and communities (Murray et al. 1999 , Dayton et al. 2000 .
Fisheries for scallops (Pectinidae) would appear to be ideal candidates for closed area management. Most scallop species are relatively sedentary and have predictable patterns of distribution (Brand 1991) . This means that the entire post-settlement life cycle of individuals can generally be protected in the same areaas long as it is large enough to encompass normal movements. Scallops also rely on external fertilisation for reproduction and therefore fertilisation success would benefit greatly from the build up of high adult densities (Peterson & Summerson 1992 , Claereboudt 1999 , Marelli et al. 1999 ). In addition, scallops are broadcast spawners, often with long-lived larvae (20 to 40 d) (Brand 1991) and there would be a high potential for export of larvae from closed areas (Grantham et al. 2003) . Finally, scallop fisheries are often characterised by widely fluctuating recruitment levels (up to 60-fold; Wolff 1987) and have consequently proved difficult to manage using traditional methods (Orensanz et al. 1991) .
Despite this apparent suitability, there are relatively few published studies on the benefits of closed areas for scallop populations. The best documented example of this is from the Georges Bank fishing grounds off the NE coast of the USA (Murawski et al. 2000 , Myers et al. 2000 , Stokesbury 2002 , Hart 2003 , Stokesbury et al. 2004 . Three large areas on these grounds were closed to fishing in 1994 and after 4 yr of protection the sea scallop Placopecten magellanicus biomass (total and harvestable) was 9 and 14 times higher, respectively, in the closed than in the open areas (Murawski et al. 2000) . Undersize scallops (< 82 mm shell height) were also approximately twice as abundant in the closed areas, possibly due to a reduction in indirect fishing mortality. Effective enforcement of the closed areas, based on satellite tracking of fishing boats, was seen as a key factor in the rapid recovery of scallop populations in these protected areas (Murawski et al. 2000) .
Modelling studies of this population (Myers et al. 2000 , Hart 2003 have examined the fisheries' benefits of opening and closing areas of the Georges Bank on a rotational basis. Both studies predicted higher yieldper-recruit and spawning stock biomass under a rotational scheme than could be achieved using traditional methods aimed at directly controlling fishing mortality. Myers et al. (2000) , in particular, advocated the benefits of using closed area management to reduce the effects of indirect fishing mortality on fishery yields. Hart (2003) also suggested that increased egg production and fertilisation from scallops within the areas closed to fishing would lead to higher larval production and hence recruitment to the fished areas. This raises the possibility that keeping some areas permanently closed to fishing may also be an effective management strategy.
In contrast to the studies on Georges Bank, surveys in the San Juan Islands, USA, revealed no difference between marine reserves and unprotected areas for 3 species of scallops (Chlamys rubida, Chlamys behringiana and Hinnites giganteus), even after 8 yr of protection (Tuya et al. 2000) . They proposed a number of possible explanations, including poor larval supply to the marine reserves, inadequate sampling methods and a lack of effective enforcement of the closed areas.
Finally, Bradshaw et al. (2001) found substantial increases in the density of the great scallop Pecten maximus after 11 yr of protection in a closed area off the Isle of Man. In addition, they found the mean age of scallops above the minimum legal landing size (MLLS 110 mm shell length) to be higher inside the closed area (6.5 yr) compared to outside (5.3 yr). These intriguing patterns stimulated us to undertake a new, more comprehensive study at this site, to determine with confidence whether these and other effects of the closed area were repeatable and real.
Our new study extends the work of Bradshaw et al. (2001) by continuing their data collection programme as well as taking a number of new approaches. The key differences have been the modification of their dive survey technique and the collection of scallops during these surveys, both inside and outside the closed area. The new survey method at least partly compensates for the spatial variability of the system and shows statistically significant differences between the 2 scallop populations for the first time. Collection of scallops allows comparisons of age and size structure between the 2 populations as well as biomass (exploitable and reproductive). It also allows commercially undersized and legal-sized scallops to be analysed separately, providing comparisons of the mortality and growth rate of undersized scallops in the 2 areas. The results of this new study are discussed in the context of the benefits that closing areas may offer the scallop populations around the Isle of Man and in general. These include the potential for larval export from closed areas, reduced indirect fishing effects (i.e. mortality and damage to undersized scallops caused by fishing disturbance) and the merits of permanent versus rotational closed area management.
MATERIALS AND METHODS
Study area and species. We studied the Bradda Inshore fishing ground, located off the SW coast of the Isle of Man in the Irish Sea (Fig. 1) . Within this fishing ground, an exclusion zone of nearly 2 km 2 was established by an Isle of Man government bye-law in March 1989. Fishing with mobile gear such as dredges or trawls was banned within this zone, but fishing with static gear such as lobster or crab pots (which do not capture scallops) was allowed to continue. Maximum water depth within the area is approximately 40 m and the substrate is a mixture of fine gravel, sand and mud. The closed area was originally intended for research into scallop cultivation and stock enhancement. This was done on a very small experimental scale but was largely unsuccessful and did not contribute significantly to scallop populations in the area (Wilson 1994 , Wilson & Brand 1994 . Subsequently, the existence of the closed area has enabled monitoring of the benthic community and scallop population under reduced fishing pressure (Bradshaw et al. 2001) .
We focused on the great scallop, Pecten maximus, which supports the most important commercial fishery around the Isle of Man (first sale value of £1.5 million in 2002) . P. maximus grows relatively quickly in Manx waters, attaining the MLLS of 110 mm SL in 3 to 5 yr (Beukers-Stewart et al. 2003) . In undisturbed populations, individuals may exceed 150 mm shell length and live for over 20 yr (Tang 1941) . There are 2 main spawning peaks in local populations each year, a partial spring spawning in April or May, and a more complete autumn spawning in August or September (Ansell et al. 1991) . However, the spring spawning period is responsible for the vast majority of spat settlement, which occurs from June to August (Brand et al. 1980) . Spat settlement and subsequent indices of recruitment (the density of 2 yr olds) are highly variable between years (up to more than 35-fold; Beukers-Stewart et al. 2003) . P. maximus is one of the most sedentary scallop species (Brand 1991) ; in a tagging study by (Howell & Fraser 1984) , 60% of individuals moved less than 30 m after 18 mo. The combination of fast growth, moderate longevity and sedentary nature suggested that P. maximus would be an ideal candidate for closed area management around the Isle of Man.
Dive surveys. To gain a long-term perspective on the effects of closed area protection on Pecten maximus populations, we combined our new study with the previous work done by Bradshaw et al. (2001) Bradshaw et al. 2001) . If successful, this method would therefore increase our ability to detect differences between the closed and fished areas on the Bradda Inshore fishing ground.
The length of diver survey transects was measured in 2 different ways between 2001 and 2003. In all years, the start of the surveys was marked with a buoyed shot line, the position of which was determined using a differential global positioning system (DGPS). Divers swam out from this position on a straight-line compass course in the direction of any existing current. At the end of each survey, the divers released a surface marker buoy (SMB) and its position was also determined using DGPS. The distance between these 2 readings therefore gave an estimate of transect length. The accuracy of DGPS measurement was assessed in 2002 and 2003 using a different method. During these surveys, divers also carried a 200 m reel of rope that was clipped to the shot line at the start of each survey and released as the divers swam along. Subsequent measurement of this rope gave an independent estimate of the distance travelled on each transect. There was a significant linear relationship between the distances measured by the 2 methods (DGPS = 1.03 × rope + 6.23; df = 1.26; R 2 = 0.87, p < 0.01). (Allison et al. 1994) , and measured to the nearest millimetre (shell length: SL). Each scallop was then dissected and the wet adductor muscle weight and wet gonad weight was measured separately to 0.01 g.
Dredge surveys. Dredge surveys of the abundance, size and age of Pecten maximus on the Bradda Inshore fishing ground (the fished area) were done every June and October between 1991 and 2003, using the RV 'Roagan', a 24 m converted beam trawler (BeukersStewart et al. 2003) . This dataset was used to provide additional density data in 2001 and size-at-age data from 2000 to 2003 (see below). On one side of the research vessel, a gang of 4 standard commercial scallop dredges was fished, while on the other side, 4 queen scallop Aequipecten opercularis dredges were used. All dredges were 0.76 m in width. The queen dredges differ from the scallop dredges in having 10 teeth of 60 mm length (compared to 9 teeth of 110 mm) and belly rings of 55 mm internal diameter (compared to 80 mm). These queen dredges were used to increase the sample size of small scallops below the minimum legal landing size (110 mm SL) (BeukersStewart et al. 2001 (BeukersStewart et al. , 2003 .
The efficiency of the queen dredges for catching scallops as a function of size was determined by comparing the results of dredge surveys in June 2000 (Beukers-Stewart et al. 2003) with dive surveys in July 2000 . The queen dredges were found to be 21.6% efficient for scallops in the 70 to 89 mm SL size range and 43.0% efficient for scallops in the 90 to 109 mm SL size range. These values were used to calculate the absolute density of 2 yr old scallops in the fished area in October 2001, for use in the estimation of mortality (see below). The scallop dredges are known to be 33.33% efficient for older (≥ 3 yr) and larger (≥110 mm) scallops (BeukersStewart et al. 2001 ). This value was used to calculate the absolute density of these scallops in the fished area in October 2001.
Experimental dredging of the closed area. Two plots within the closed area (each approximately 500 × 100 m) were experimentally dredged once every 2 mo between January 1995 and June 2000 (Bradshaw et al. 2001) . Two gangs of 4 scallop dredges were towed along the length of each plot 10 times on each date. Consecutive tows were done in parallel so that (on average) the whole plot was covered at least once during each dredging exercise. Any scallops captured during this process were transferred to another area several kilometres away from the study sites. This dredging exercise was designed to simulate commercial exploitation, although the Bradda Inshore ground commonly experiences higher levels of fishing effort (Veale et al. 2000) . It should be noted, however, that experimental dredging continued throughout the closed season for Pecten maximus (June to October). The effect of this disturbance on the population structure of P. maximus was investigated by comparing the size and age structure of scallops (≥110 mm SL) taken by scallop dredges in 3 different areas (experimental area, fished area and closed area) in April and June 2000. Experimental area samples were collected during the final experimental dredging exercise, while fished-area data came from the dredge survey dataset (see above). The closed area samples came from the catch of a commercial boat fishing illegally in the closed area. On a single morning in April 2000, this boat spent approximately 3 h towing up and down the previously undisturbed section of the closed area. Effort was concentrated in the offshore half of the closed area although the boat occasionally ventured closer inshore. The dredges were hauled and the catch sorted twice during this period. This entire catch was later obtained for biometric analysis.
Data analysis. Population dynamics and structure of Pecten maximus: Densities of P. maximus in the closed and fished areas were compared each year from 2001 to 2003. In 2001, analysis was restricted to legal-sized scallops (≥110 mm) taken by the dive survey in the closed area (August) and by the dredge survey in the fished area (October). In 2002 and 2003, analysis was based solely on the dive surveys in the 2 areas (August to October), with 2-way ANOVA comparing the density of all scallops and scallops ≥110 mm only. The 2 fixed factors were year and area of survey. Data for scallops ≥110 mm were log (x + 1) transformed to meet assumptions of normality and heterogeneity (Cochran's C-test, p > 0.05; Underwood 1981) . Density of all scallops within the inshore (< 28 m water depth) and offshore portions of the closed area was also compared in 2002 and 2003 (analysis as above). This investigated the hypothesis that scallop densities would be higher inshore than offshore, due to the possibility that illegal fishing would occasionally occur close to the boundary. For the fished area, we also examined the relationship between distance from the closed area boundary and the density of all scallops (analysis as above). This investigated the hypothesis that scallop densities in the fished area would be higher close to the fished area boundary (within 1 km north) than further away (1 to 2 km north), due to spillover (or movement) of scallops from the closed to fished areas.
Size and age structures of scallops collected from the closed and fished areas were also compared (Kolmogorov-Smirnov analysis) using the same samples as above. The relationships between scallop length and both exploitable biomass (adductor muscle and gonad weight combined) and reproductive biomass (gonad weight only) were then determined from biometric measurements. A number of scallops spawned between collection and subsequent measurement, presumably due to disturbance (e.g. aerial exposure). However, Pecten maximus in the Irish Sea normally have full gonads during August and September (Ansell et al. 1991) , the months during which the majority of surveys were conducted. Therefore, scallops that had clearly spawned (37.5% of individuals over the 3 yr) were removed from the analysis in order to standardise biometric relationships. These relationships were then used to calculate estimates of exploitable biomass (adductor and gonad weights combined) and reproductive potential (gonad weights only) from the length of scallops (≥110 mm only) collected in the 2 areas each year.
Estimates of total mortality for the scallop populations in the closed and fished areas were calculated using catch curve analysis (Beverton & Holt 1957 ). Using the above data sets, the mean density-at-age in the 2 areas was calculated using the years from 2001 to 2003 as replicates. One year old scallops were excluded from this analysis, as they were not adequately sampled (see discussion). The oldest year-class in each sample (14 and 7 yr, respectively) was also excluded from catch curve analysis as they were identified as outliers (see Cortes & Parsons 1996 ). Regressions were then fitted to natural log-transformed densities to generate mortality estimates. The change in density of 2 yr old scallops over two, 1 yr periods (2001 to 2002 and 2002 to 2003) was also calculated for both the closed and fished areas. These scallops would have remained below the legal size throughout each ensuing fishing season, therefore, any difference between losses in the 2 areas could potentially be due to indirect fishing mortality. . These data were transformed (log x + 1) to meet assumptions of normality and heterogeneity (as above).
Growth rates of Pecten maximus: Mean size-at-age of scallops in the closed and fished areas was calculated from the samples collected in 2002 and 2003. The data from 2001 were not included because samples were taken at different times of the year during the peak period of scallop growth (closed area: August, fished area: October). The closed area data were based entirely on samples collected by divers, while the fished area data included scallops from both divers and the October dredge surveys (in order to boost sample sizes). Analysis was restricted to scallops up to 10 yr old (as only small numbers of older individuals were collected). Von Bertalanffy growth curves were fitted to each sample and the closed and fished areas were compared in each year using the likelihood ratio test (Kimura 1980) . This tested the null hypothesis that the separate growth curves were not significantly different from a co-incident curve based on combining the samples. The mean size of scallops at ages 1 to 3 was also compared between areas in each year using 1-way ANOVA.
Effect of dredging on Pecten maximus population structure: The size and age structures of scallops from the 3 areas (closed, experimentally dredged and open to fishing) were compared by Kolmogorov-Smirnov analysis. Catch curve analysis was also performed on the age structure data to provide estimates of total mortality in the 3 areas. Three year old scallops were excluded from this analysis, as they were not adequately sampled.
RESULTS

Population dynamics and structure of Pecten maximus
When the closed area was set up in 1989, scallop density was very low (approx. 0.5/100 m 2 ) in both the closed and fished areas, which at the time were parts of the same fishing ground (Fig. 2) . Between 1989 and 1998 there was a slow but gradual increase in scallop density in the closed area (up to 3.5/100 m 2 ), but over the next 3 yr density increased at a rapid rate, reaching a peak of over 20/100 m 2 in 2001, before dropping in 2002 and then rising again in 2003. Scallop densities in the area open to fishing have consistently remained below those in the closed area. These densities also increased in the late 1990s, but not to the extent seen in the closed area, and they dropped, rather than rose, between 2002 and 2003. In 2001, the density of legalsized scallops (≥110 mm SL) was 4.5 times higher in the closed area than that estimated by dredge surveys in the fished area (12.93/100 m 2 compared to 2.87/ 100 m 2 ) (Fig. 2) . However, due to differences in sampling methodology this difference could not be tested statistically.
In 2002 and 2003, when divers surveyed both areas, the densities of all scallops and legal-sized scallops were highly significantly different in the 2 areas ( Fig. 2) . In 2002 the density of legal-sized scallops in the closed area was 6.55/100 m 2 compared to 2.27 in the fished area (2.89 times higher), while in 2003 the density of legalsized scallops was 11.45/100 m 2 in the closed area compared to 1.47/100 m 2 in the fished area (7.76 times higher). Despite a trend for scallop densities to be higher in the inshore section of the closed area (< 28 m water depth) than further offshore (9.99/100 m 2 compared to 6.24/100 m 2 in 2002 and 15.15/100 m 2 compared to 12.94/100 m 2 in 2003), these differences were not significant (Table 2a) . There was also a trend for the density of scallops within 1 km north of the closed area boundary to be lower than that further away (1 to 2 km north), ( 2003), but the data were highly variable and the differences were not significant (Table 2b) (Figs. 3 & 4) . In all years, a shift towards older and larger scallops in the closed area was apparent. By 2003, 41.3% of scallops in the closed area were older than 5 yr, compared to only 5.1% of scallops from the fished area (Fig. 3) . Likewise, in the same year, 52.4% of the scallops in the closed area were larger than 130 mm compared to only 11.9% of those from the fished area (Fig. 4) . All comparisons revealed highly significant differences (Table 3) .
Patterns of density, size and age structure of the scallops in the 2 areas had dramatic implications for differences in scallop biomass and reproductive potential (Table 4 ). In 2001, the exploitable biomass (adductor muscle and gonad weight) of scallops in the closed area was over 8 times higher than in the fished area, and the reproductive potential (gonad weight) was over 10 times higher. Differences between the 2 areas were reduced in 2002, but were still substantial. Exploitable biomass was nearly 5 times higher in the closed area and gonad biomass was nearly 6 times higher. Table 2 . Pecten maximus. Two-way ANOVA comparing density (a) in the inshore and offshore sections of the closed area in 2002 and 2003; and (b) higher in the closed area than in the fished area and reproductive biomass 12.5 times higher. The mean density-at-age data for the period 2001 to 2003 (Fig. 5a ) also revealed distinct differences between the dynamics of scallop populations in the 2 areas. Catch curve analysis of these data (natural log transformed) produced strong linear regressions that estimated total mortality of scallops in the fished area (Z = 0.76) to be almost 3.5 times higher than in the closed area (Z = 0.22) (Fig. 5b ). There were also considerable differences between the 2 areas when loss rates of scallops between 2 and 3 yr old were examined (Table 5 ). In both the closed and the fished areas, the density of 2 yr olds (the 1999 year-class) was particularly high, but very similar; in 2001 with mean densities of approximately 5.3/100 m 2 . Between the surveys in 2001 and 2002, the density of this year-class declined by 56.2% in the closed area compared to 79.9% in the fished area (a difference of 23.7%). As a result, 3 yr old scallops were more than twice as abundant in the closed area than in the fished area in 2002 (Table 5) . Unfortunately, differences in sampling methods and replication precluded statistical analysis of these results. In 2002 the density of the 2 yr old cohort (the 2000 year-class) was much lower (approximately 1/100 m 2 ) but was again very similar in the 2 areas (1-way ANOVA, F 1,16 = 0.70, p = 0.79, not significant). By 2003 the density of this year-class had declined by 35.8% in the fished area, but had increased by 110.4% in the closed area (Table 5 ). These densities were significantly different (1-way ANOVA, F 1,15 = 5.25, p = 0.04).
The mean density of potential scallop predators (other than Asterias rubens) was not significantly different between the 2 areas in 2002 or 2003 (Table 6) . Overall, predator numbers were significantly higher in 2003 than 2002 (Table 6 ). In 2002, 95% of the A. rubens counted were less than 5 cm in diameter (i.e. they would have recruited during the summer of 2002) and therefore were not considered as predators of 2 to 3 yr old scallops (Whittington 1993 
Growth rates of Pecten maximus
The likelihood ratio test results indicated that the von Bertalanffy growth curves fitted to the mean sizeat-age data from the closed and fished areas were significantly different in both 2002 and 2003 (Table 7 , Fig. 6 ). The general pattern was for mean size-at-age to be similar in the 2 areas at age 1, but to diverge at 2 or 3 yr old. This resulted in mean size-at-age of scallops from the closed area being greater than in the fished area for scallops 3 yr and older in 2002, and scallops 2 yr and older in 2003 (Table 7 , Fig. 6 ). However, in 2003, 1 yr old scallops were slightly, but significantly larger in the fished area than the closed area ( Table 7 ), indicating that the pattern reversed between 1 and 2 yr old. It should be noted that mean size at age is the end product of patterns of both growth and survival. For example, for scallops of 4 yr and older, the observed differences between the 2 areas may have resulted from the selective removal of faster growing individuals by the fishery. Therefore, it is not possible to attribute this difference to the growth rate. However, until October of each year (the end of each survey period), scallops up to 3 yr old would not have been subject to direct removal by fishing (as they were previously below the minimum legal landing size).
Effect of dredging on population structure of Pecten maximus
Age and size (of scallops ≥110 mm) in the experimentally dredged plots within the closed area were similar to that in the fished area (Fig. 7) . For example, in the fished and experimental plots, only 19.8 and 7.7%, respectively, of scallops were greater than 6 yr old, with less than 5% being greater than 8 yr old. These age compositions were not significantly different (Table 8) . Likewise, in the fished and experimental plots, only 34.0 and 22.8%, respectively, of scallops were larger than 130 mm SL, with none greater than 150 mm SL. However, these size compositions were significantly different, probably due to a higher proportion of scallops in 110 to 119 mm size range in the disturbed area than the fished area (48.8% compared to 25.8%). In comparison, scallops from the undisturbed region of the closed area were significantly older and larger than at both other sites ( Fig. 7 ). In the closed area, 45.1% of scallops were older than 6 yr, and 71.4% were greater than 130 mm SL, with 11.3% greater than 150 mm SL. Catch curve analysis also produced different estimates of total mortality for scallops in the 3 areas (Fig. 7) . Mortality estimates were highest in the experimental area (Z = 0.74), intermediate in the fished area (Z = 0.47) and lowest in the undisturbed region of the closed area (Z = 0.30). However, it should be noted that catch curve analysis of the closed area data produced a relatively weak regression (R 2 = 0.58).
DISCUSSION
In common with a growing number of studies (for recent reviews see Mosquera et al. 2000 , Halpern & Warner 2002 , Gell & Roberts 2003 , Halpern 2003 , our work demonstrated that closed area protection results in increases in the density and mean age and size of exploited species. Experimental dredging within the closed area confirmed that these observations were largely in response to decreased fishing activity. This is significant for fisheries management because the build up of high densities of large Pecten maximus individuals enhanced local reproductive potential and therefore the likelihood of larval export to the surrounding fishing grounds. Our work also suggested that protecting juvenile scallops from fishing disturbance increased survival and growth rates. Although juvenile scallops are not subject to direct removal by fishing, protection during this critical phase appeared to assist the recovery of the closed area population. Our study was based on a single closed area-fished area comparison, so it could be argued that these results are only valid for our study site. However, the accumulation of results from similar studies is increasing our understanding of how marine populations and communities function in the absence of fishing pressure. One of the most obvious and notable results of this study was the difference between scallop density in the closed and fished areas. Examination of the full time-series (1989 to 2003) of data on scallop densities in the closed area indicate that recovery of this scallop population accelerated as the duration of protection increased. Scallop densities in the fished area also increased over this time period, but not nearly to the extent observed in the closed area. This correlation may be because scallop populations in the 2 areas are not entirely independent. Given their close proximity, there is a real possibility of larval export and/or dispersal of scallops from the closed area to the fished area (see below), but this only makes our observations on the effects of protection more conservative. Several recent studies (Jennings 2000 , Halpern & Warner 2002 have emphasised the importance of examining recovery time when assessing the success of marine reserve protection. In contrast to the dramatic and rapid recovery of protected populations of Placopecten magellanicus on Georges Bank (Murawski et al. 2000) , P. maximus populations in the Isle of Man closed area were slow to respond to protection. In the first few years of the study, illegal fishing may have contributed to this pattern (authors' pers. obs). The rapid rise in densities from the mid-1990s onwards, on the other hand, was probably related to patterns of recruitment. During this period, the scallop fishing grounds around the south and west of the Isle of Man received above average recruitment in several years, and during the 1998/99 fishing season, commercial catch rates in this area reached a 20 yr high (Beukers-Stewart et al. 2003) . Recruitment into the closed area may have been even more successful due to the presence of high densities of hydroids, an important settlement substrate for pectinid larvae (Bradshaw et al. 2003) . Yield-perrecruit models developed for P. magellanicus by Hart (2003) also demonstrate that closed area protection is most effective when timed to utilise unusually large year-classes. Long-term (>10 yr) studies of closed area protection such as ours are rare (Russ 2002 ), but (Russ & Alcala 2004) have also recently shown that longterm protection is required for full recovery of predatory reef fish populations.
Between 2000 and 2003, differences in scallop density between the closed and fished areas reached their most extreme level. This period was also notable for dramatic fluctuations in scallop density in the closed Comparison of the age/size structures of scallops in the closed area with those in the fished area, the resultant mortality estimates, and the results of the dredging experiment, all further illustrate the effects of fishing on populations of Pecten maximus. This pattern is not surprising, given the intensity of the scallop fishery around the Isle of Man. Recent estimates of the seasonal exploitation rate of the P. maximus population on the Bradda Inshore fishing ground range from approximately 41 to 50% (F = 0.53 to 0.69) (Brand & Murphy 1992 , Beukers-Stewart et al. 2003 . If our estimate of total mortality for the closed area (0.22) is taken to represent natural mortality, and this value is subtracted from the estimate of total mortality for the fished area (0.76), a similar estimate for fishing mortality is produced (F = 0.54). Most P. maximus on the Bradda Inshore ground do not obtain the minimum legal size of 110 mm SL until they are between 3 and 4 yr old (Allison 1994 , this study), but we observed few individuals (approximately 5% of the population) more than 5 yr old in the fished area. Fishing mortality therefore appears to largely remove each recruiting year-class within 3 yr. In comparison, scallops older than 5 yr made up more than 40% of the population in the closed area. However, scallops more than 10 yr old were still relatively uncommon in the closed area, making up approximately 10% of the samples. In the first year of the Isle of Man scallop fishery (1937), scallops of 10 yr or older accounted for over 55% of catches on the Bradda Inshore fishing ground (Tang 1941) . This difference is probably because there were very few scallops in the closed area when it was set up in 1989 (14 yr prior to our last sample), and the population was initially slow to recover. However, our results do indicate that long-term protection from fishing is allowing the P. maximus population in the closed area to gradually shift back towards its original age/size structure (see also Bradshaw et al. 2001 , Russ & Alcala 2004 .
The dramatic differences between the closed and fished areas in terms of both exploitable and reproductive biomass of scallops were perhaps the most significant results of this study. These patterns suggest that the closed population has the potential to strongly benefit the local fishery through larval export. For example, the reproductive output of Pecten maximus in the closed area in 2003 was likely to have been at least equivalent to that from an area of the fishing ground 12 times larger. However, the real difference was probably much greater. Since fertilization of scallop eggs is external, success is highly dependent upon the proximity of spawning individuals (Orensanz et al. 1991) . The high density of scallops in the closed area (relative to the fished area) should therefore have enhanced fertilization success and reproductive output even further (Claereboudt 1999) . Indeed, the very low density of scallops recently observed on fishing grounds around the Isle of Man at the end of each season (approximately 1/100 m 2 ) has raised concerns about the possibility of recruitment failure in the fishery (Beukers-Stewart et. al. 2003) . Pockets of high densities of large, old scallops (such as occurs in the closed area) may be crucial for ensuring the sustainability of this fishery.
Several trends suggest that the closed area examined in this study may have actually enhanced the surrounding scallop populations through larval export. Recruitment indices (the density of 2 yr old scallops) have increased significantly on 2 of the 3 fishing grounds surrounding the closed area during the period of closure, but not on any of the other 5 fishing grounds sampled (Beukers-Stewart et al. 2003 . Commercial catch per unit effort (CPUE) has also increased significantly on all 6 fishing grounds off the west coast of the Isle of Man (i.e. nearest to the closed area) during the same time, but on only 1 of 4 east coast fishing grounds (and to a lesser extent on that ground) (Beukers-Stewart et al. 2003 . This may be because Pecten maximus populations on the east and west coasts of the Isle of Man are reproductively isolated to a certain extent (Allison 1993 , Heipel et al. 1998 . Of course these patterns will have been at least partially driven by other factors such as variation in environmental conditions (e.g. Wolff 1987 ) and postsettlement survival (Beukers-Stewart et. al. 2003) , so these data are only suggestive. It has been stated that providing definitive evidence for larval export from marine reserves may be almost impossible (Russ 2002) , but circumstantial evidence, such as from this study, is continuing to build (Gell & Roberts 2003) . Improving knowledge of behaviour, dispersal and survival of larvae (i.e. via the use of genetic markers; Gilg & Hilbish 2003) holds the key to substantiating such potential benefits of marine reserves.
Another possible explanation for the observed increases in scallop density in the fished area is that there was movement of scallops (spillover) from the closed to fished area. Analysis of the spatial distribution of scallops in the fished area did not provide any support for this hypothesis. In fact, scallop densities tended to be higher further away from the closed area boundary (but the data were highly variable). The generally sedentary nature of Pecten maximus (Howell & Fraser 1984) also suggests that spillover would be unlikely. However, over the last 3 fishing seasons (2002 to 2004) , local fishermen have expended an inordinate amount of effort fishing along the western boundary of the closed area (which was too deep for dive surveys), due to a perceived improvement in catch rates (authors' pers. obs). This anecdotal data is certainly suggestive of spillover, the validity of which could be tested via a suitably designed tagging study (Rowe 2001) .
Along with the direct benefits of closed area protection mentioned above, there was also evidence of indirect benefits. Firstly, our data suggest that indirect fishing mortality was at least partly responsible for the loss of juvenile scallops from the fished area. Indirect fishing mortality (mortality of scallops discarded or damaged but not removed by fishing) has been identified as a major problem in other scallop fisheries (Naidu 1988 , McLoughlin et al. 1991 , Myers et al. 2000 . Over both periods when the abundance of 2 yr old scallops was monitored, loss rates were higher in the fished area than in the closed area. These scallops would have remained below legal size during each sampling period, so loss would not have been due to direct fishing mortality. Between 2001 and 2002, predator densities were not significantly different in the 2 areas, so this is unlikely to have been a contributing factor either. Between 2002 and 2003, the picture was less clear, however. While the density of 2 yr old scallops was similar in both areas in 2002, by 2003 the density of these scallops had doubled in the closed area but declined by 35% in the fished area. Due to the sedentary nature of Pecten maximus (see above), this increase in the closed area is unlikely to have been caused by immigration, so it was probably due to the improved detection of this year-class by divers after the scallops had grown to a larger size. Therefore our estimates of the density and mortality of juvenile scallops (ones less than 3 yr old) may only be relative. Although this still indicates that loss of juvenile scallops was again higher in the fished area, the density of the starfish Asterias rubens (a major predator of P. maximus) was significantly higher in the fished area Several previous studies and observations of the Isle of Man scallop fishery suggest mechanisms by which indirect fishing mortality may be occurring . Although there is a minimum legal size of 110 mm SL, a high number of scallops below this size are commonly retained by the dredges to be subsequently discarded (up to 70% of the total scallop catch on some grounds; authors' unpubl. data). Up to 20% of these scallops suffer a combination of lethal and sub-lethal shell damage (S. R. Jenkins et al. unpubl. data) . Similar damage levels are also found in scallops that encounter the dredges but are left on the seabed . Given an overall dredge efficiency of approximately 20%, these account for 4 times as many scallops as are landed. In addition, even scallops that encounter the dredges without damage to their shells suffer an impaired swimming escape response . These damaged and/or stressed scallops are known to be more vulnerable and attractive to predators than undisturbed individuals (Jenkins et al. 2004) .
Differences between the mean size-at-age of juvenile scallops in the closed and fished areas could also have been due to fishing disturbance. In both 2002 and 2003 mean size of 1 yr old scallops was actually slightly higher in the fished area than the closed area (significantly so in 2003), but this pattern reversed between 1 and 3 yr old. One year old scallops are rarely retained by the scallop dredges used around the Isle of Man, but dredge efficiency increases substantially for 2 yr old scallops before reaching full efficiency for 3 yr olds (B. D. Beukers-Stewart et al. unpubl. data) . Dredging is therefore likely to have a minimal effect on 1 yr old scallops, but an increasing effect on older/larger individuals. The 2 and 3 yr old scallops in the fished area may therefore have grown more slowly because they were expending energy recovering from dredgeinduced stress and/or damage. Given the similarity of growth patterns over the first year, the close proximity of the 2 sample sites, and their similar water depths and substrate, environmental conditions do not appear to explain these differences (see Orensanz et al. 1991) . The reduction in size-at-age of 2 and 3 yr old scallops in the fished area may have caused the reduced size of older scallops. This reduction in mean size would, in turn, have reduced the potential reproductive output from the fished population (see above). The use of closed areas to protect scallops during the juvenile phase may therefore increase their survival and growth, assisting in the overall recovery of these populations.
Several authors have advocated the merits of using rotational closed areas for managing invertebrate fisheries (Botsford et al. 1993 , Myers et al. 2000 , Zhang & Campbell 2002 , Hart 2003 . However, based on our results, the Isle of Man fishery for Pecten maximus would be better served by a network of permanent (rather than rotational) closed areas. The scallop population we studied required more than 10 yr of protection before significant differences were observed between densities in the closed and fished areas. Although this was partly the consequence of illegal fishing early on (see above), and several years of poor recruitment (Beukers-Stewart et al. 2003) , very long periods (5 to 10 yr) appear to be needed to build up stock levels. In addition, if pockets of high spawning stock biomass are needed to ensure regular recruitment (as our data suggest), then opening up these areas would quickly remove the largest and most reproductively active individuals, dramatically reducing overall reproductive output.
The process of establishing a network of permanent closed areas would need to be carefully assessed on a cost/benefit basis. Closing areas of a fishery will initially reduce the resources available to fishermen. Fishermen therefore need to be involved in the decision-making process and may require compensation or financial assistance in the short-term. Support from the local fishing community is likely to be crucial for ensuring that closed area boundaries are effectively enforced. For example, promoting the potential fishery benefits of the Isle of Man closed area among local fishermen has lead to a dramatic drop in illegal fishing in the area in recent years (authors' pers. obs.). It has also been argued that closed area protection may simply divert fishing effort to other areas or species, causing irrevocable damage (Horwood et al. 1998 , Horwood 2000 . This possibility needs to be considered and incorporated into management plans. For closed area management to be judged as successful, the simple rule of thumb is that the fisheries in question become more productive than they were under previous management schemes (Gell & Roberts 2003) .
In summary, this study joins a growing number indicating that the use of closed areas offers a range of benefits over more traditional methods of managing fisheries. Fisheries for scallops appear to be particularly suitable for this type of management. The challenge now is to provide stronger empirical evidence for larval export and spillover from closed areas, and in the process gain the support of both the industry and fisheries managers.
